Abstract. As part of the characterization of the petrified wood of East Cairo at the New Cairo Petrified Forest, representative samples collected from the area were studied by X-ray powder diffraction (XRD) and optical microscopy. The samples, as indicated by XRD analysis, are composed of quartz ± some goethite ± minor moganite ± minor gypsum ± trace calcite. The absence of moganite in some samples has been attributed to the transformation of moganite to quartz or to leaching processes. Under the optical microscope, some of the 10 petrified-wood samples are permineralized with mainly microcrystalline quartz (chalcedony), some with a combination of chalcedony and microgranular quartz, and some with microgranular quartz. The sequence of silicification is likely to have been either opaline precursor to chalcedony and quartz, or directly to chalcedony and quartz. The crystallinity indices (C.I.) of the quartz in the samples studied, measured using a standard X-ray powder diffraction procedure, are consistent with the petrographic findings. The chalcedonic samples have the least C.I. values, and the microgranular quartz samples the highest values.
Introduction
Petrified wood is the result of a tree form having been completely permineralized through the replacement of the original material and the filling of the original pore spaces with mainly SiO 2 (silica). Other minerals, such as hematite and goethite, often enter into solution with the silica during the petrification process. The progressive transformation of silica in petrified wood to more stable forms from a highly disordered amorphous opal (opal-A), to a disordered interlayering of tridymite and cristobalite (opal-CT) to microcrystalline quartz (chalcedony) and finally to granular quartz has become an accepted hypothesis (e.g. Scurfield, Segnit 1984) . Two other forms of silica in petrified wood have been recorded: (1) opal C and (2) moganite (Hatipoğlu, Türk 2009) . It is noteworthy that the coexistence of opal-CT and chalcedony in some silicified wood specimens from Colorado, USA conflicts with the hypothesis that chalcedonic petrified wood would result exclusively from the transformation of an opaline precursor (Mustoe 2008) . In Colorado, both silica polymorphs appear to have formed independently, rather than by diagenetic transformation of an opaline parent material. Understanding the mineral composition and microscopic characteristics of fossil wood forms preserved in geological units is important both for the understanding of how wood becomes petrified (i.e. Sutherland 1994; Mustoe 2008) and for assessing changes to the rock environment. The Petrified Forest of East Cairo (Fig. 1) (Hassan 2015b ). This defined area, declared as a natural reserved site by government decree 944/1998, contains fossilized stumps and logs dominated by legume trees (El-Faramawi 2008; El-Saadawi et al. 2011) . These silicified tree trunks, up to several meters in length, lie horizontally in an exposed section < 100 m thick of the late Eocene sands and gravels of the Maadi Formation (Fig. 2) . The horizontal disposition, together with the absence of other plant organs (i.e. fossil twigs, branches, fruits), suggests extended transport prior to the tree trunks being silicified. Silicification occurred through the action of geysers after they settled where they now lie (Said 1962 (Said , 1990 El-Faramawi 2008) . The present climate in the area is warm and dry in the summer and moderate with limited rainfall in the winter. The soils are dry and vegetation is limited to a few species of dry grasses and small shrubs (Hassan 2015b) .
The elemental composition of the fossil wood at the New Cairo Petrified Forest varies (Table 1 (Table 1 ). This weight loss is the result of loss of molecular water and hydroxyl groups from goethite and, to a lesser extent, from chacedoney and moganite.
TABLE 1
Whole-sample ICP-MS analyses, organic carbon (OC) and loss on ignition (LOI) for fossil wood from the New Cairo Petrified Forest, Egypt (Hassan 2015a For the present study, ten representative samples (S1-S10) of whole-rock petrified wood were collected from silicified stumps and logs at the Petrified Forest. The samples were fresh samples that had not been exposed to weathering; any weathered part was removed. The samples were analyzed by optical microscopy and X-ray diffraction. The samples are crypto-to fine grained, massive rock with variant colors (Fig. 3) . 
Methods
Thin sections of each sample were prepared at the Central Laboratory Sector of the Mineral Resources Authority, Cairo, Egypt. The thin sections were studied by conventional optical methods in transmitted-and reflected light using an Olympus BX41 polarizing microscope equipped with a digital camera at the Mineralogy Department of the Nuclear Materials Authority, Cairo, Egypt. For XRD analysis, portions of each sample were hand ground in copper containers and converted to powder, so that each analyzed aliquot represented an entire-averaged specimen. Powder samples were analyzed using a Rigaku Ultima IV diffractometer (Cu-Kα radiation; a 2θ scanning rate 1 o /min; step size of 0.04, peak angle range 2-70 o 2θ) at the School of Geology and Geophysics, University of Oklahoma, Norman, USA. The same was done for the standard material for this analysis, i.e. crystals of clean quartz. Mineral identification and pattern manipulation were conducted using MDI Jade 9 software.
Results and Discussion
Ten X-ray diffractograms (S1-S10) between 2-70 o 2θ with mineral identifications and percentages, and the quartz standard, are shown in Figure 4 . In the samples, quartz is the Fig. 4 . XRD patterns of the samples (S1-S10) and quartz standard. Identified minerals are: aluminum (Al) from aluminum folder, Cal (calcite), Gypsum (Gp), goethite (Gth), moganite (Mog), quartz (Qz). main component. Estimated quartz percentages range from ~ 78 to 100%. Goethite (0.4-17.3%) occurs in only six samples, namely, S1-S4, S8 and S9. The goethite has broadened diffraction peaks, a feature that is characteristic of iron oxides in soils and other weathered environments (Hassan 2010; Hassan, Gunnlaugsson 2013 ). The overall difference in goethite content (16.9%) may reflect local variations in the dissolved mineral content of groundwater. Another possibility is that the wood specimens had different degrees of permeability to goethite-bearing groundwater. Typically, iron is transported into plant tissues during the petrification process rather than accumulating during the life of the tree (Mustoe 2008) .
Minor amounts of moganite (< 5%) were identified in S1 and S4, and of gypsum (2%) in S7. Calcite (< 1%) occurs in trace amounts in S4. No clay or opaline minerals were detected in any of the samples. Moganite, a polymorph of quartz, is often found in microcrystalline quartz varieties: A large amount of this mineral was recorded by Heaney and Post (1992) in cherts from arid, alkaline environments. Those authors indicate that moganite is so prevalent in unaltered fine-grained silica samples that its absence in microcrystalline quartz varieties may be used as a measure of fluid-rock interaction. Here, the absence of moganite in the XRD patterns of the fossil wood samples other than S1 and S4 (Fig. 4 ) may suggest that either moganite readily recrystallizes to quartz in the presence of water, or that moganite has a higher solubility than quartz and had been leached out (Heaney, Post 1992) .
The protocol in Murata and Norman (1976) was adopted as a standard X-ray diffraction procedure to quantify the degree of crystallinity of quartz in the samples, using a resolution of 1.3820 Å (67.74 o 2θ) to calculate a crystallinity index (C.I.) for individual specimens. Index numbers are obtained by determining the peak height above background level for the 67.72 o 2θ (1.38 Å d-spacing) diffraction peak measured for a powdered quartz crystal standard (Fig. 5) . The standard is arbitrarily considered to have a C.I. index of 10; indices for the petrified wood samples (S1 to S10) were calculated as ratios of their peak heights to this calibration standard. The C.I. range from 2.2-10.5 with an analytical error of ± 8% (two sigma) based on triplicate standard samples. Of the samples, S1 and S4 which contain minor amounts of moganite (< 5%), have the lowest C.I. values. The ten fossil wood specimens are composed of (microcrystalline quartz) chalcedony, often in porous fibrous aggregates, and/or micro-granular quartz (Fig. 6) . Samples S1 and S4 are mainly chalcedony occurring as tiny, radiating fibers at the centers of relict cells (Fig. 6a, b) . Intergrowths of chalcedony and goethite fibers are also evident in S4. Samples S2, S3 and S5-8, on the other hand, consist of fan-like quartz in a fine chalcedony matrix (Fig. 6c) . Unlike the other samples, S9 and S10 consist entirely of micro-granular quartz (Fig. 6d) . The petrography of the ten fossil wood samples is consistent with the X-ray mineralogy; the chalcedonic samples (S1 and S4) have the lowest crystalinity index values for quartz, and the microgranular quartz samples (S9 and S10) the highest values (see Fig. 5 ).
Siliceous volcanic rocks are a likely source of dissolved silica for wood petrification (Murata 1940; Mustoe 2008) . At this location, the abundance of silica dust within the Maadi Formation at the New Cairo Petrified Forest is the likely source. No other petrological sources of silica are nearby. Permineralization of wood by silica always begins with the amorphous form and transformation progresses into a thermodynamically stable crystalline state over many millions of years (Stein 1982) . This is true in a general sense. The early-Eocene fossil wood from the New Cairo Petrified Forest shows only crystalline silica phases (chalcedony and microgranular quartz) without an opaline precursor. Thus, both the chalcedony and the quartz probably reflect a disequilibrium situation and could Fig. 5 . Crystallinity index values for samples (S1-S10) calculated relative to the A/B ratio measured for the 67.72 o 2-theta X-ray diffraction peak of a pure powdered quartz standard (see "Methods" for details). Note that (1) the reddish-and brown colors in S1 and S4 are mainly due to iron inclusions and (2) the dark areas in both S5 and S10 are due to the complete extinction of quartz or chalcedony.
have been formed as primary phases under different pore-fluid pressures and silica concentrations (Buurman 1972; Jefferson, McDonald 1981) . Mustoe (2008) concluded that "under epithermal conditions, opal is precipitated when concentrations of dissolved silica are relatively high, but lower silica concentrations may result in direct precipitation of chalcedony" (Mustoe 2008, p. 138) . Quartz precipitates only from solutions that are extremely diluted in silica (Iler 1979; Fournier 1985) .
Conclusion
Some fossil wood samples collected from the New Cairo Petrified Forest are petrified with chalcedony, others with a combination of chalcedony and quartz, and still others with quartz. An opaline precursor to the chalcedony and quartz may or may not have existed. The crystallinity index of the quartz determined by XRD is consistent with the petrography. The major impurities found in the samples studied are goethite plus/or minus moganite. The absence of moganite in some samples may imply that either moganite had been transformed to quartz, or that it had been leeched out.
